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A B S T R A C T
The creep behavior of a 3%Co modiﬁed P92-type steel with high content of boron and low content of nitrogen
was studied. The precipitation of Laves phase at lath boundaries provides a rapid decrease in the strain rate
during transient creep. The ﬁnely dispersed (V,Nb)(C,N) carbonitrides uniformly distributed throughout and
M23C6 carbides located at various boundaries/subboundaries result in extended steady-state creep. Gradual
coarsening and an increase in the volume fraction of M23C6 carbides as well as coarsening of Laves phase
particles is accompanied by an increase in the lath size during the steady-state creep. The coarsening of lath
structure that is assisted by the dissolution of Laves phase particles at lath boundaries during steady-state creep
leads to the onset of tertiary creep with a highly accelerated rate. The well-developed subgrain structure is
observed in the ruptured samples, whereas the distance between high-angle boundaries does not change during
the creep.
1. Introduction
High-chromium martensitic steels are widely used as creep resistant
structural materials for various fossil power plant elements, which are
exploited at elevated temperatures [1,2]. A P92-type steel alloyed with
0.1%C, 9%Cr, 2%W, 0.5%Mo, 0.2%V, 0.05%Nb is a typical re-
presentative of such steels [1–5]. Their alloying composition is designed
to provide a long-term creep resistance at high temperatures. Normal-
izing at 1323 K followed by tempering at approx. 1023 K produces the
tempered martensite lath structure (TMLS), which is composed of prior
austenite grains (PAGs), packets, blocks, and laths with a high dis-
location density [1,2,4,6]. The strengthening mechanisms include solid
solution strengthening, dispersion strengthening, dislocation strength-
ening, etc. The solid solution strengthening is provided by such inter-
stitial solutes as carbon and nitrogen and substitutional solutes of W,
Mo and Cr. The dispersion strengthening is provided by numerous na-
noscale (V,Nb)(C,N) carbonitrides precipitated in ferrite matrix [1–4]
and M23C6 carbides located at any boundaries/subboundaries [7–9].
The long-range internal elastic stress ﬁelds originated from lath
boundaries and lattice dislocations also contribute to superior creep
resistance of these steels [6–10].
A degradation of TMLS under creep reduces the creep strength and
leads to the creep strength breakdown that strongly diminishes the
long-term creep strength [11–17]. The ﬁnely dispersed carbonitrides
and boundary carbides play a key role in stability of TMLS under creep
condition [1–4,8–14]. The M23C6 carbides located at lath boundaries
exert a high Zener drag force and play a major role in the stability of
TMLS under creep conditions [4,11–14]. The Laves phase particles
precipitated during creep at low- and high-angle boundaries may also
contribute to the TMLS stability [4,11–14]. The Zener drag force as-
sociated with (V,Nb)(C,N) carbonitrides is relatively low [4,11–14].
However, these dispersoids slows down the knitting reaction between
the dislocations and lath boundaries. This reaction leads to transfor-
mation of the lath boundaries, which are irregular dislocation networks
exhibiting long-range stress ﬁelds, into sub-boundaries, thereby re-
lieving the internal stress ﬁelds [8,14,18].
The following changes among the dispersed particles may occur
during long-term aging and creep [4,11–14,19,20]: (i) precipitation of
Laves phase that leads to depletion of W and Mo from ferritic matrix
down to thermodynamically equilibrium values; (ii) coarsening of
M23C6 carbides, Laves phase particles, and (V,Nb)(C,N) carbonitrides;
(iii) replacement of nanoscale V-rich (V,Nb)(C,N) carbonitrides by
coarse particles of Z-phase through (V,Nb)(C,N)→Cr(V,Nb)N transfor-
mation. Such changes in distribution of secondary phase particles de-
crease the eﬃciency of solid solution strengthening and dispersion
strengthening. In addition, these processes facilitate the knitting reac-
tions leading to transformation of TMLS into subgrain structure, and
thus diminish the dislocation strengthening. As a result, the high Cr
steels gradually loose creep resistance under long-term creep conditions
[21].
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The coarsening rate of Laves phase particles is the highest among
the dispersed particles mentioned above, while the coarsening of (V,Nb)
(C,N) carbonitrides occurs with the lowest rate [22,23]. The two-phase
separation of carbonitrides to V-rich (V,Nb)(C,N) enriched by N and Nb-
rich (V,Nb)(C,N) enriched by C plays an important role in the coar-
sening resistance [1,2,11–14]. The two-phase separation is provided by
a special chemical composition of 0.1C-0.05N-0.024–0.07Nb (wt%)
[1,2]. Regarding the M23C6 carbides, their coarsening rate could be
decreased signiﬁcantly by increasing boron content [23]. The high
boron content provides the formation of B-free M23C6 carbide and
M23(B,C)6 phase [23–25]. The M23(B,C)6 phase is much more resistant
to coarsening than the B-free M23C6 carbides because of decreased
energy of the Feα{110}||M23(C,B)6{111} interfaces [14,24]. The steels
with high boron content have a low nitrogen content to prevent the
formation of BN playing a role of embrittlement agent [1,14,26]. As a
result, these steels contain a dispersion of (V,Nb)(C,N) carbides with
increased portion of Nb-rich particles enriched by C [25,27]. The high
Cr steels with high B and low N contents exhibits superior long-term
creep [1,14,27,28], although, the structural mechanisms responsible for
the creep strength improvement are still unclear. The aim of the present
paper is to clarify the evolution of TMLS and dispersed particles in a
modiﬁed P92-type steel with 3%Co, 0.012%B, and 0.007%N during
creep at 923 K in comparison with conventional P92 and P92+3%Co
steels.
2. Experimental
The chemical composition of the studied steel is presented in
Table 1. The steel is characterized by a relatively large content of boron
(0.012%), while the nitrogen content is reduced (0.007%) to avoid the
formation of boron nitride (BN) and to suppress the formation of un-
desirable Z-phase during creep. The steel was produced by vacuum
induction melting and then subjected to solution treatment at 1423 K
followed by hot forging. Then, the steel was austenized at 1333 K for
0.5 h, air cooled, and tempered at 1023 K for 3 h. The creep specimens
of 7 × 3mm2 in cross section and 25mm in gauge length were sub-
jected to tensile creep tests under 118MPa at 923 K using ATS2330
lever arm machines. The hardness in the grip and gauge portions of
crept specimens was measured using Brinell tests with a load of 750 N
and a ball diameter of 5mm.
The microstructural changes were studied using an FEI Nova
NanoSEM 250 scanning electron microscope (SEM) incorporating an
electron backscatter diﬀraction (EBSD) analysis. The dislocation sub-
structures and ﬁnely dispersed precipitations were investigated by
transmission electron microscopy (TEM) of thin foils and extracted
carbon replicas using a Jeol JEM-2100 equipped with an INCA energy-
dispersive X-ray spectrometer (EDS). The TEM foils were prepared by
the double jet electro-polishing method using a 10% solution of per-
chloric acid in glacial acetic acid, applying a voltage of 20.5 V at room
temperature. The transverse lath/subgrain sizes were measured on the
TEM micrographs by a linear intercept method, counting all clear de-
ﬁned high-angle boundaries and low-angle subboundaries. The dis-
location densities were estimated by counting the individual disloca-
tions in the lath/subgrain interiors on at least ten arbitrarily selected
typical TEM images. More than 100 particles of each precipitate type
were quantiﬁed for each sample using extraction replicas. The mean
particle size was calculated as D=(a+b)/2, where a and b are the short
and long intercepts, respectively. The precipitates were identiﬁed by
both the chemical analysis (EDS) and the selected area diﬀraction
(SAD) method. The number of particles per unit area (NS) was measured
by counting the individual particles on the extraction carbon replicas.
The volume fractions of precipitates were estimated using the following
equation:
= ⋅ ⋅ ⋅F N π r(2/3)v S 2 (1)
where r is the radius of particles. The equilibrium phase volume frac-
tions and chemical compositions were calculated with ThermoCalc
database TCFE7.
Table 1
Chemical composition of the modiﬁed P92 steel (wt%).
C Si Mn Cr W Mo Nb V Co Ni Cu Ti Al N B Fe
0.1 0.12 0.4 9 1.5 0.57 0.05 0.2 2.8 0.24 0.027 0.002 0.01 0.007 0.012 Bal.
Fig. 1. Creep rate versus creep time (a) and creep rate versus strain (b) curves
for the modiﬁed P92 steel subjected to creep tests at 923 K under 118MPa.
Arrows on creep rate versus creep time curve indicate the creep times at which
the creep tests were interrupted.
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3. Results
3.1. Creep behavior
The creep rate versus time/strain curves are shown in Fig. 1. The
present steel is characterized by an improved creep resistance. The time
to rupture was 4883 h, which is more than 2.5 times longer than that in
other P92-type steels under the same creep conditions [4,5,8,29]. Three
distinctive creep stages, i.e. transient creep, steady-state creep, and
accelerated creep, can be clearly recognized in Fig. 1. Transient creep
leads to a decrease in the creep rate by a factor of 100 down to 10−9
s−1. The onset of steady-state ﬂow takes place at a creep strain of about
0.5% after 300 h. The steady-state creep takes place during 4200 h up to
a strain of ε∼1.2%. Then, the creep rate rapidly increases followed by a
failure after 4883 h at total strain of ε∼7%. The microstructural
changes during creep were examined using interrupted creep tests
Fig. 2. Orientation maps for microstructures evolved in the modiﬁed P92 steel (N/Ni is the boundary fraction and θ is the misorientation angle): as-tempered (a);
after long-term aging for 4701 h (b); after creep tests for 1031 h (c); 3532 h (d); 4701 h (e); 4883 h (f).
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[4,18], when the creep test was stopped at strains of 0.6% (crept for
1031 h), 1.0% (crept for 3532 h), and 1.5% (crept for 4701 h), corre-
sponding to the beginning of steady-state creep, approaching the end of
steady-state creep, and tertiary creep, respectively, as indicated in
Fig. 1a.
The creep rate versus strain curve of the present steel diﬀers from
those of other high Cr steels by signiﬁcantly higher absolute values of
dlnε̇/dε for the transient and tertiary stages in Fig. 1b [14,30,31].
Therefore, the rearrangement of dislocations into a stable conﬁguration
through the ﬁrst-order reaction-rate kinetics [14,30,32] in the present
steel occurs at transient creep with the highest rate among all high Cr
steels, for which these data are available. Concurrently, the present
steel exhibits the signiﬁcantly faster kinetic of the creep strength de-
gradation at tertiary creep stage in comparison with other high Cr steels
[14,31,33]. Therefore, the present steel exhibits unusual creep beha-
vior, which is characterized by a quite rapid transient creep followed by
a pronounced steady-state creep, and, then, tertiary creep stage with a
highly accelerated creep rate.
3.2. Microstructural evolution
TMLS with an average PAG size of 26 µm, an average lath thickness
of 300 nm and an average dislocation density of 2.6× 1014 m−2
evolved after tempering (Figs. 2 and 3). The {100} pole ﬁgure suggests
Fig. 3. Microstructures of the modiﬁed P92 steel (TEM): as-tempered (a); after long-term aging for 4701 h (b); after creep tests for 1031 h (c); 3532 h (d); 4701 h (e);
4883 h (f).
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that the martensitic transformation follows Kurdjumov–Sachs orienta-
tion relationship [6,34]. The well-deﬁned "Bain circles" [6,35] remain
up to tertiary creep, when remarkable spread of "Bain circles" on the
{100} pole ﬁgures occurs. Moreover, the portions of high-angle
boundaries (HAB) with misorientations ranging from 49° to 60° re-
presenting the major part of misorientations between the martensite
variants are essentially the same in the present steel after tempering
and rupture that is an evidence for retaining martensite blocks during
creep. Average distances between high-angle boundaries (HABs) of
PAGs, packets and blocks remain nearly the same (Figs. 2 and 4,
Table 2). On the other hand, the creep leads to the rearrangement of
low-angle lath boundaries that leads to insigniﬁcant reorientation of
crystal lattice within blocks. Therefore, the change in the lath structure
is the main process of microstructural evolution during creep.
The transient creep is accompanied by an increase in lath thickness
from 300 nm to 350 nm (Figs. 3c, 4, Table 2). The fraction of lath
boundaries with misorientations ranging from 2° to 3° decreases, while
that for misorientations above 6° increases. It is worth noting that
fractions of low-angle boundaries (LAB) with misorientations of 10–15°
increases remarkably. Coarsening of lath structure is accompanied by a
decrease in the dislocation density by a factor of 2.8 (Table 2), although
the frequent band contours on TEM micrographs (Fig. 3c) are indicative
of retaining internal elastic stresses. Thus, the mobile lattice disloca-
tions are trapped by low-angle lath boundaries [7,8] that may lead to
increasing their misorientations.
The coarsening of lath structure is the main process of micro-
structural evolution during steady-state creep, while the dislocation
density does not change remarkably (Fig. 4, Table 2). At the end of
steady-state creep, some laths transform to a structural element with
lenticular plate morphology, when the lath grows up to the corre-
sponding block (Fig. 3e). Under tertiary creep the lath structure is re-
placed by lenticular like plates, which are subdivided into almost
equiaxed subgrains with an average size of 910 nm and low angle
misorientations. This change in the lath structure during the tertiary
creep is accompanied by a twofold decrease in the dislocation density
down to 0.4×1014 m−2 in the ruptured specimen. It is worth noting
that TMLS in the grip section of the same ruptured specimen is char-
acterized by a lath thickness of 440 nm and a dislocation density of
1.2× 1014 m−2 (Fig. 3b, Table 2).
3.3. Dispersed particles
The secondary phase particles evolved by tempering have been
detailed in previous work [27] and are summarized in Table 2. The
Fig. 4. Changes in the lath/subgrain width, the dislocation density, the hardness, and the distance between HAB in the modiﬁed P92 steel during creep at 923 K.
Table 2
The structural parameters of modiﬁed P92 steel after tempering and after creep at 923 K under 118MPa.
Creep time Tempered 1031 h (0.6%) 3532 h (1.0%) 4701 h (1.5%) 4883 h (ruptured) Aging at 923 K for 4883 h
Lath/subgrain width, nm 300 ± 20 355 ± 20 470 ± 35 690 ± 50 910 ± 50 440 ± 35
Dislocation density, × 1014 m–2 2.60 ± 0.50 0.92 ± 0.21 0.83 ± 0.26 0.49 ± 0.12 0.41 ± 0.26 1.20 ± 0.20
Distance between HABs, μm 3.3 ± 0.8 2.7 ± 0.7 2.5 ± 0.8 2.5 ± 0.8 3.0 ± 0.6 2.9 ± 0.8
Average size of M23C6, nm 66 ± 3 79 ± 3 91 ± 4 101 ± 5 114 ± 8 93 ± 4
Average size of MX, nm 35 ± 5 36 ± 4 39 ± 4 38 ± 5 40 ± 5 38 ± 4
Average size of Laves, nm – 174 ± 19 292 ± 14 313 ± 20 367 ± 15 305 ± 28
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M23C6–type carbides frequently precipitate at boundaries of blocks,
packets and PAGs (Figs. 3a and 6a). In contrast, these carbides are
rarely observed at lath boundaries. Therefore, the boundaries of PAGs,
packets and blocks can be considered as preferential sites for pre-
cipitation of M23C6-type carbides. The chains of these carbides are
clearly seen along various high-angle boundaries. Note here, that the
size of M23C6-type carbides located at PAG boundaries is somewhat
larger than that located at boundaries of packets and blocks. These
carbides exhibit nearly equiaxed shape and contain low amount of
tungsten (Fig. 5a); their mean size is 66 nm. Besides M23C6-type car-
bides, TMLS contains a number of homogeneously distributed (V,Nb)
(C,N) carbonitrides. The (V,Nb)(C,N) particles appear with the same
morphology and dimensions in the present steel in contrast to those in
9%Cr steel containing 0.05%N, where the shape and size of (V,Nb)(C,N)
particles depended on their chemical content, i.e., an enrichment in
either Nb or V or Ti [1,4,11–13,21]. In the present steel these
Fig. 5. TEM images of dispersed particles that evolved in the modiﬁed P92 steel after tempering (a) and after creep tests for 3532 h (b) and 4883 h (c). The chemical
compositions of indicated particles are shown in at%.
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dispersoids exhibit equiaxed shape and an average dimension of 35 nm
(Fig. 5a, Table 2).
An aging for suﬃciently long time leads to precipitation of Laves
phase at boundaries of PAGs, packets, blocks and laths (Fig. 3b) much
similar to other high Cr steels [1,3,4,9,11–14,36–42]. The long-time
aging for 4883 h is accompanied by signiﬁcant coarsening of Laves
phase particles and M23C6-type carbides to 305 nm and 93 nm, re-
spectively (Table 2). On the other hand, the (V,Nb)(C,N) coarsening
occurs with a quite low kinetics. Their size after 4883 h aging increases
to 38 nm.
Transient creep leads to precipitation of Laves phase at boundaries
of all structural elements in TMLS and insigniﬁcant coarsening of
M23C6-type carbides (Table 2). Almost continuous chains of Laves phase
and M23C6-type carbides appear at boundaries of PAGs and at some
portions of packet and block boundaries (Fig. 6). The strain-induced
coarsening of Laves phase particles is observed under steady-state and
tertiary creep regimes (Table 2). Features of M23C6-type carbides and
Laves phase are low content of Σ(Mo+W) and a high W/Mo ratio of
about 2.5, respectively, (Fig. 5b and c) that are typical of 3%Co mod-
iﬁed P92 steel [12].
The size of (V,Nb)(C,N) carbonitrides increases slightly with in-
creasing the creep strain (Table 2). In contrast to other studies on creep
behavior of high-Cr steels [19,20], the development of Z-phase or en-
richment of (V,Nb)(C,N) carbonitrides by Cr are not observed in the
present study. Two-phase separation between Nb-rich and V-rich car-
bonitrides becomes more pronounced with increasing creep time
Fig. 6. SEM HAADF micrographs showing Laves phase particles in the modiﬁed P92 steel after tempering (a) and creep for 1031 h (b); 3532 h (c); 4701 h (d); and
4883 h (e).
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(Figs. 5c and 7), although morphology and dimensions of these two
types of (V,Nb)(C,N) dispersoids remain the same. It is clearly seen that
a Nb/V ratio in the (V,Nb)(C,N) carbonitride particles examined after
tempering spread continuously between the predicted contents (the
latter ones are indicated by open circles in Fig. 7b). In contrast, two
clearly separated groups with diﬀerent Nb/V ratios appear at Nb-V-Cr
concentration triangle after 4883 h of creep (Fig. 7). Therefore, the
(Nb,V)(C,N) carbonitrides nucleate during tempering irrespective of a
local Nb/V ratio. Then, these particles tend to exchange their Nb and V
content towards more equilibrium concentrations during long term
creep.
The Laves phase particles exhibit the fastest coarsening kinetics
with a growth exponent of about 2 (Fig. 8). Such a small growth ex-
ponent can be associated with particle growth assisted by continuous
depletion of solid solution with tungsten and molybdenum in addition
to conventional Ostwald ripening [37]. The coarsening behavior of
M23C6-type carbides is characterized by a growth exponent of about 9
during long-term ageing and of about 5 during creep (Fig. 8). It should
be noted that the rapid coarsening of these carbides at the end of
steady-state creep and during accelerated creep was observed (Fig. 8b).
This acceleration of particle growth can be associated with a change of
their interphase boundary characters. Namely, a gradual loss of or-
ientation relationship between M23C6-type carbides and ferrite matrix
with increasing the creep strain can accelerate the coarsening
[14,23,33,43].
The particle densities and volume fractions are listed in Table 3. The
measured volume fractions of M23C6-type carbides and V-rich carbo-
nitrides in the as-tempered sample are about two times lower than
equilibrium ones while the measured and equilibrium volume fractions
of Nb-rich carbonitrides are almost the same. On the other hand, the
obtained volume fractions of precipitates after creep exposure are in
good agreement with those predicted by ThermoCalc. These changes
can result from a gradual increase in the volume fraction of M23C6-type
carbides towards thermodynamic equilibrium, and a redistribution of
alloying elements between the V- and Nb-rich carbonitrides.
The chemical compositions for the M23C6-type carbide and Laves
particles obtained by the EDS measurements on carbon extraction re-
plica are shown in Fig. 9 along with equilibrium content calculated by
ThermoCalc. The equilibrium content depends on temperature
(Table 4). The calculations predict an increase in Cr and Mo and a
decrease in Fe and W in M23C6-type carbide under creep since the creep
temperature is 100 K lower than the tempering temperature. It is seen
that the Cr content approaches thermodynamically equilibrium value
during creep, while the increased content of Fe remains. There are two
important features of chemical composition of M23C6-type carbides.
First, the Mo content is more than twice lower than equilibrium value
irrespective of creep strain. Second, these carbides precipitate under
tempering with a high V content of 1.6 at%. Such high none-equili-
brium content of V in M23C6–type carbides has been sometimes ob-
served and attributed to transformation of V-rich (V,Nb)(C,N) carbo-
nitrides into Z-phase leading to an increase of V in solid solution during
long-term aging of 11%Cr steels with ≥ 0.05 wt%N [19,20,44,45].
Fig. 7. The size distribution (a) and chemical composition (b) of (Nb,V)(C,N) carbonitrides after tempering and creep for 4883 h in the modiﬁed P92 steel. Open
circles in (b) represent the calculated equilibrium compositions of Nb(C,N) and V(C,N).
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However, the present steel contains low N content and V depletes from
solid solution in the form of M23C6–type carbides, mainly, under tem-
pering. Therefore, a decrease in the V concentrations in M23C6–type
carbides may lead to additional precipitation of V-rich (V,Nb)C carbides
during creep.
On the other hand, changes of the chemical content of Laves phase
are insigniﬁcant during creep, since these particles precipitate at a
creep temperature. Concentrations of Mo and Nb in Laves phase par-
ticles are about twice higher than equilibrium concentrations predicted
by ThermoCalc (Fig. 9, Table 3). It is known [40,41] that segregations
of Mo at boundaries of TMLS promote the nucleation of Laves phase
particles. As a result, a depletion of Mo from ferrite [12,14] occurs in
the form of Laves phase. It is obvious that Mo segregates at lath
boundaries leading to the precipitation of Laves phase particles at these
boundaries. On the other hand, the formation and growth of Laves
phase particles are promoted at HABs close to M23C6-type carbides
[40]. Therefore, the growth of Laves phase particles located at HABs
eventually is accompanied by dissolution of relatively small Laves
phase particles located at lath boundaries in accordance with Gibbs-
Thomson relationship [46]. It is worth noting that the Laves phases in
the present steel are not enriched with Si in contrast to other studies on
high-Cr steels with almost the same Si content [40,41]. Perhaps, this is
a feature of high B and low N steels providing dense precipitation of
Laves phase at lath boundaries during transient creep.
The (V,Nb)(C,N) carbonitride particles are the most stable ones
against coarsening. The high value of the growth exponent for these
particles is about 19 for long-term aging and creep (Fig. 8). Hence, the
mean size of (V,Nb)(C,N) carbonitride particles of 35 ± 5 after tem-
pering does not change signiﬁcantly during creep (Fig. 7a, Table 2).
Only a small amount of particles of V-rich carbonitride with size above
100 nm was observed after creep. The lowered N content in the present
steel suppressed the transformation of (V,Nb)(C,N) carbonitrides into Z-
phase. The overall volume fraction of (V,Nb)(C,N) carbonitrides re-
mains nearly the same (Table 3). Therefore, the evolution of (V,Nb)
(C,N) particles in the present steel is associated with a gradual redis-
tribution of their chemical compositions (Fig. 7b).
3.4. Creep/aging softening
The present steel exhibits relatively high hardness of 252 HB after
tempering. Three stages of hardness decrease with diﬀerent softening
rates can be recognized in Fig. 4 for both aging and creep. The ﬁrst
stage of rapid softening is attributed to annihilation of lattice disloca-
tions through the knitting reaction with intrinsic dislocations of lath
boundaries having opposite signs [8]. Lath boundaries play a role of
sinks for lattice dislocations [8]. The second stage of sluggish hardness
decrease is associated with a gradual degradation of TMLS, i.e., lath/
particle coarsening, during the steady-state creep. The ﬁnal third stage
correspond to somewhat accelerated softening under tertiary creep that
is accompanied by relatively fast kinetics of lath growth, particle
coarsening as well as a decrease in the dislocation density. Upon steady-
state and tertiary creep the hardness continuously decreases to a value
of about 220 HB. In contrast, the formation of subgrain structure during
creep in the 3 wt% Co modiﬁed P92-type steel has been reported
leading to a hardness drop down to 190 HB [12,16,45–47]. Therefore,
the transformation of TMLS to subgrain structure is not critically im-
portant for the softening of the present steel.
The microstructure evolution during long-term aging and creep of
high Cr steels can be described by the following parameter [48]:
= −x H H1 /t 0 (2)
where, H0 is the hardness in tempered condition, Ht is the hardness
after certain aging time or creep strain. It is clearly seen in Fig. 10 that
the present steel can withstand creep deformation without signiﬁcant
softening as compared to other P92+3%Co steel [49,50].
Fig. 8. Evolution of the particle size in the modiﬁed P92 steel during long-range
aging (a) and creep at 923 K (b).
Table 3
The particle densities and volume fractions.
Number of particles per unit area (m−2) Volume fractions of precipitates
M23(C,B)6 Nb-rich MX V-rich MX M23(C,B)6 Nb-rich MX V-rich MX
Tempered at 1023 K 5.15× 1012 7.92× 1011 3.07× 1011 0.0117 0.000537 0.000144
Crept for 4883 h 3.08× 1012 3.73× 1011 3.59× 1011 0.0210 0.000328 0.000300
ThermoCalc (923 K) – – – 0.0216 0.000476 0.000386
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3.5. Fractography
The fracture surface of the specimen crept for 4883 h is shown in
Fig. 11. The dimple rupture occurred in a transgranular fracture path.
The large dimples usually are nucleated by particles located on the
bottom of these dimples and grow to a very large size before coales-
cence [51]. Commonly, creep is accompanied by nucleation of voids on
boundary particles reducing ductility. Numerous ﬁne dimples are seen
in Fig. 11 at ridges between coarse dimples. Therefore, the coarse
second phase particles located at boundaries serve as microvoid-nu-
cleating sites leading to the formation of coarse dimples; and the rup-
ture occurs after considerable plastic deformation of ferrite matrix.
Thus, the fracture mechanism of the present steel is typical of high Cr
steels [12,52].
4. Discussion
4.1. Evolution of TMLS
TMLS in the present steel is characterized by improved stability
against coarsening during creep as compared with P92-type steels with
or without 3 wt%Co additions [4,11,12] (Fig. 12a). The rate of lath/
subgrain growth progressively increases during steady-state and ter-
tiary creep regimes. Increased B and decreased N contents retard the
transformation of lath boundaries to subgrain boundaries followed by
subgrain coarsening. The main diﬀerence between the present steel and
3wt% Co modiﬁed P92-type steels is smaller strains for the onset of
steady-state and tertiary creep regimes. The variation in the lath/sub-
grain growth rate is frequently considered as a function of creep strain
[18,53]. The lath/subgrain coarsening behavior of high-Cr steels can be
expressed by the following empirical equation [8,18,53–55]:
= + ⋅ −d d d d εlg lg lg( / ) exp( /0.12)ss 0 ss (3)
where dSS is the lath thickness or subgrain dimension at a creep strain of
ε, d0 is the lath thickness in tempered condition. It is seen in Fig. 12b
that Eq. (3) well describes the coarsening of crystallites delimitated by
LABs in all P92-type steels. It is worth noting that the lath/subgrain
sizes obtained in the present study coincide well with others studies
[4,11,12], when plotted versus creep strain (Fig. 12b), although the
creep times are quite diﬀerent (Fig. 12a). Therefore, modiﬁcation of
chemical composition of the present steel has a week eﬀect on the strain
dependence of microstructural evolution. In contrast to other P92-type
steels, however, the lath/subgrain growth in the present steel during
creep is not accompanied by signiﬁcant softening [1,12,15,16,18].
There is a diﬀerence between microstructural evolution in the pre-
sent steel and a 10%Cr with high B and low N contents, which exhibited
a rupture time of 39 437 h at an applied stress of 120MPa [14,30].
TMLS retains in the 10%Cr steel up to rupture. In the present steel the
evolution of TMLS to subgrain structure occurs as follows (Fig. 13). A
gradual lath coarsening takes place during the steady-state creep. Then,
a lenticular plate morphology develops owing to replacement of thin
laths by large plates at the end of steady-state creep, leading to tertiary
creep. Next, the subgrain structure develops just before rupture. It is
obvious that the onset of tertiary creep with a highly accelerated creep
rate is attributed to the transformation of lath-type substructure to
lenticular-type one followed by the formation of coarse subgrains.
4.2. Particle coarsening and creep behavior
The Laves phase precipitations at lath boundaries (Fig. 13) supports
stability of TMLS and a rapid decrease in the creep rate during the
transient creep, which is characterized by a high d lnε̇/dε value. The
transient creep in high-Cr steels is attributed to a decrease in the high
dislocation density resulted from martensitic transformation towards
the steady-state dislocation substructure [1,56]. The creep rate during
transient creep can be expressed by the empirical Andrade creep law
predicting a decrease in the strain rate with time t according to [1]: ∝ −ε ṫ 2/3 (4)
Fig. 9. Chemical composition of M23C6 carbide particles (a) and Laves phase
particles (b) as function of creep time in the modiﬁed P92 steel.
Table 4
Equilibrium chemical compositions of particles in the modiﬁed P92 steel as
calculated by ThermoCalc.
Chemical composition, at% Temperature, K
923 1023
(Nb,V)(C,N) Nb 91.40 10.43 86.70 13.75
V 5.51 89.04 7.86 84.90
Cr 3.08 0.53 5.44 1.35
(Fe,Cr)2(W,Mo) W 27.86 27.92
Fe 55.63 57.05
Cr 11.06 9.64
Mo 5.11 5.14
Nb 0.34 0.25
M23C6 Cr 75.64 68.20
Fe 13.01 21.33
Mo 9.01 5.10
W 2.33 5.36
V < 0.01 < 0.01
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It is clear that Eq. (4) provides large underestimation of creep rate
for the present steel. Abe [37] suggested that the ﬁne precipitation of
Laves phase may result in a strong decrease in the creep rate during the
transient creep. The Laves phase particles precipitated at lath bound-
aries during transient creep creates strong obstacles for the dislocation
glide along the laths as schematically shown in Fig. 14. These particles
play a role of eﬀective pinning agents in addition to (V,Nb)(C,N) car-
bonitrides and lath boundaries [7,8,10].
The TMLS stability under creep conditions depends mainly on the
coarsening behavior of dispersed particles [1–4,8–14,18]. The growth
of various dispersed particles in the present steel during creep is re-
presented in Fig. 15 with reference to other studies on similar P92-type
steels subjected to creep under the same conditions [4,11]. The size of
Laves phase particles in the present steel is smaller than that in a
standard P92 steel, but almost the same as that in other P92-type steel
modiﬁed by 3%Co irrespective of creep duration. The (V,Nb)(C,N)
carbonitrides are the smallest dispersed particles in high-Cr steels. The
size of ﬁnely dispersed (V,Nb)(C,N) carbonitrides in the present steel
does not diﬀer remarkably from that in other P92-type steels. The
coarsening behavior of (V,Nb)(C,N) particles in the present steel is
characterized by almost the same creep time dependence as observed in
other steels (Fig. 15), although the creep durations were diﬀerent.
In contrast, the M23C6-type carbide particles in the present steel are
signiﬁcantly ﬁner than those in other steels including 3%Co modiﬁed
one at all the studied creep times. It should be noted that the present
steel is characterized by smaller (approx. two times) size of M23C6
carbide particles just after tempering as compared to others with
normal boron content. The interactions of boron with misﬁt boundary
dislocations may reduce the inter-phase boundary energy and, there-
fore, decrease the critical size of carbide nuclei. According to r0 = 2σ/
Δgu [57], where Δgu is the diﬀerence in molar Gibbs energy between
M23C6 carbides and ferrite matrix, the critical radius of nuclei (r0), is
linearly dependent on the interfacial energy (σ). The Gibbs energy of
the formation of M23C6-type carbides at 650 °C in the present steel as
calculated by ThermoCalc is slightly lower (− 47.4 kJmol−1 for M23C6
and − 47.7 kJmol−1 for M23(B,C)6) than that in a standard P92 steel
(− 46.1 kJmol−1 for M23C6). Such diﬀerence in the Gibbs energy
suggests the change of the nucleus size of 1.03. Thus, the diﬀerence in
the particle size in the present steel and other P92-type ones after
tempering can be associated with the change in interfacial energy.
Assuming that the average particle size in these steels after tempering is
close to the critical one, it may be concluded that the value of the in-
terfacial energy in the studied steel is about 0.6–0.7 of that in standard
P92 and P92+3%Co steels [4,11]. It should also be noted that the
lowered value of the interfacial energy for these carbides with a ferrite
matrix in the present steel should retard the coarsening of carbide
particles during creep. Therefore, these relatively ﬁne carbide particles
remain at nanometer scale (below 100 nm) until the accelerated creep
stage. Aforementioned two-phase separation of M23C6-type carbides in
Fig. 10. The change in microstructure related parameter, x, derived from
hardness with aging time for P92+3%Co [12] and the studied steel.
Fig. 11. SEM image of the fractured surface after creep for 4883 h at 923 K.
Fig. 12. The subgrain width versus creep time (a) and strain (b) in P92-type
steels.
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the present steel can also decrease the coarsening rate in comparison
with other P92-type steels (Fig. 15).
The volume fraction of M23C6-type particles is signiﬁcantly larger
than that of other dispersed particles, i.e., Laves phase and (V,Nb)(C,N)
carbonitrides (Table 3). Numerous M23C6-type particles were con-
sidered as the main contributors to the stability of the tempered mar-
tensite lath structure during creep at elevated temperatures [2,9,54]. A
decrease in the carbide particles size by a factor of approx. 1.5 as
compared to other P92-type steels results in corresponding increase in
both the Zener pining pressure and the Orowan strengthening in the
present steel. Therefore, the enhanced stability of tempered martensite
lath structure in the present steel can result from the reﬁnement of
M23C6-type carbides upon tempering and the stabilization of M23C6-
type particles against coarsening during creep.
5. Conclusions
The changes in the tempered martensite lath structure and the
dispersed particles were studied in a 3%Co modiﬁed P92-type steel
with lowered nitrogen content and increased boron content subjected to
creep at 923 K under 120MPa. The main results can be summarized as
follows.
1. The dislocation density in the lath/subgrain interiors decreased
from 2.6× 10−14 m−2 (just after tempering) to 0.4× 10−14 m−2
during creep for 4883 h (creep failure), while the transverse size of
lath/subgrains increased from 300 nm to 910 nm. The dislocation
density rapidly decreased by a factor of 2.5 during the transient
creep followed by a sluggish decrease upon further creep, whereas
the most signiﬁcant changes in the lath/subgrain size occurred
during the accelerated creep stage. The present steel is characterized
by a low creep/aging softening as compared to other P92-type steels
that can be associated with a relatively low coarsening rate of pre-
cipitates and delayed subgrain transformation.
2. The dispersed precipitates consisted of various secondary phases
Fig. 13. Schematic illustration of the microstructural evolution during creep: TMLS evolved after tempering(a); the formation of crystallites delimitated by LABs and
having plate-like shape at the onset of tertiary creep (b); the formation of subgrain structure during tertiary creep (c).
Fig. 14. Schematic presentation of dislocation glides at steady-state creep.
Fig. 15. Particle growth kinetic in P92-type steels.
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including M23C6-type carbides and (Nb,V)(C,N)-type carbonitrides,
both of which precipitated during tempering, and Laves phase pre-
cipitated during creep. The particles exhibited diﬀerent coarsening
behavior during creep. The particle growth exponents were approx.
2, 5 and 19 for Laves phase, M23C6 carbides and (Nb,V)(C,N) car-
bonitrides, respectively. Coarsening of the M23C6 carbides during
creep was accompanied by a gradual increase in their volume
fraction approaching thermodynamic equilibrium.
3. The chemical composition of Laves phase was close to equilibrium
and did not vary remarkably during creep, while that of M23C6
carbides somewhat changed in accordance with temperature de-
pendence of equilibrium composition because of diﬀerence in the
nucleation temperature (tempering at 1023 K) and the creep tem-
perature (923 K). In contrast, the (Nb,V)(C,N) carbonitrides ap-
peared during tempering as non-equilibrium precipitates, which
were characterized by a wide range of Nb/V ratios. The chemical
composition of (Nb,V)(C,N) particles was gradually changed during
creep leading to the development of enriched with either Nb or V
carbonitrides as predicted by ThermoCalc calculations.
4. The present steel exhibited superior creep resistance as compared to
other P92-type steels crept under the same conditions that could be
associated with improved stability of tempered martensite lath
structure and dispersed particles. Both the laths/subgrains and the
dispersed particles in the present steel could be qualitatively char-
acterized by ordinary coarsening behaviors during creep similar to
other P92-type steels. However, the sizes of laths/subgrains and
dispersed particles in the present steel were remarkably smaller than
those in other steels of similar types.
5. The high creep rate at tertiary stage could be associated with the
transformation of the lath structure to lenticular-type one followed
by the formation of well-deﬁned coarse subgrains. This sequence of
structural changes was assisted by a strain-induced coarsening of
Laves phase particles and M23C6-type carbide particles located at
various boundaries during steady-state and tertiary creep stages.
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